Although surrogate measures of benign prostatic hyperplasia (BPH) are often used in epidemiologic studies, their performance characteristics are unknown. Using data from the Prostate Cancer Prevention Trial (n = 5,986), we evaluated prostate-specific antigen (PSA), International Prostate Symptom Score (IPSS), and their rates of change as predictors of incident BPH. BPH (n = 842 cases) was defined as medical or surgical treatment or at least 2 IPSS of 15 or higher. Proportional hazards models were used to measure the associations of baseline PSA, IPSS, and their velocities over 2 years with BPH risk, and time-dependent receiver-operating characteristic curves were used to measure their discriminatory performance. Unit increases in PSA, IPSS, and IPSS velocity were associated with 34%, 35%, and 29% (all P < 0.001) increases in BPH risk, respectively. The areas under the receiver-operating characteristic curves were significantly greater than 0.5 for PSA (0.58, 95% confidence interval (CI): 0.56, 0.60), IPSS (0.77, 95% CI: 0.75, 0.78), and IPSS velocity (0.63, 95% CI: 0.61, 0.65); however there were no cut points at which sensitivity and specificity were both above 75%. We concluded that moderate elevations in PSA, IPSS, or their rates of change should not be used as surrogate measures of incident BPH. benign prostatic hyperplasia; International Prostate Symptom Score; prostate-specific antigen Abbreviations: AUC, area under the receiver-operating characteristic curve; BPH, benign prostatic hyperplasia; CI, confidence interval; IPSS, International Prostate Symptom Score; LUTS, lower urinary tract symptoms; NPV, negative predictive value; PCPT, Prostate Cancer Prevention Trial; PPV, positive predictive value; ROC, receiver-operating characteristic.
Benign prostatic hyperplasia (BPH) is a common medical condition that affects 40%-50% of men by the time they reach 50 years of age and nearly 80% of men by the time they reach 70 years of age (1) (2) (3) (4) . BPH is characterized by hyperplasia of the stromal and, to a lesser extent, epithelial regions of the prostate, which can result in a constellation of lower urinary tract symptoms (LUTS) that affect quality of life and prompt many men to seek treatment (5) (6) (7) . A principal challenge in epidemiologic studies of BPH is the definition of disease. Histologically, BPH is characterized by the presence of hyperplastic nodules in the prostate. Clinically, BPH is typically diagnosed based on a combination of criteria, including reduced urinary flow, increased prostate size, LUTS, and response to medical treatment; however, there is no consensus definition for the absence or presence of disease. Epidemiologic studies, for which neither histologic nor comprehensive clinical diagnoses are feasible, usually define BPH based on either receipt of medical or surgical treatment or LUTS that are sufficiently severe to motivate a patient to seek medical or surgical treatment (8) .
Because of the challenges involved in diagnosing BPH and the large sample sizes needed to study incident BPH in longitudinal studies, investigators in some studies have used surrogate markers of BPH under the assumption that these have a high predictive value for clinically relevant disease. Two surrogate markers of BPH are based on prostatespecific antigen (PSA), which in healthy men is an indirect measure of prostate size (9) , and the International Prostate Symptom Score (IPSS), which measures the severity of LUTS on a scale ranging from 0 to 35; either a threshold value that is still within the "normal" range or a high rate of increase in these markers could identify men who will develop clinically significant BPH. However, no studies have formally examined the predictive ability of these markers as surrogate measures of BPH.
In the present study, we evaluated the performance characteristics of PSA and IPSS as surrogate markers of BPH, based on single measures or on multiple measures over time. Specifically, we examined whether any PSA values less than 3 ng/mL, an IPSS less than 14, or their rates of increase over 2 years had sufficiently high sensitivity and specificity to allow their use as surrogate measures of BPH for epidemiologic research. The present study is based on data from the Prostate Cancer Prevention Trial (PCPT), which over the course of the 7-year trial collected detailed information on BPH-related surgical procedures, medication use, and LUTS. If valid as surrogate measures of BPH, PSA-based or IPSS-based surrogate endpoints could be further evaluated as candidate surrogate endpoints for use in intervention trials for the primary prevention of BPH.
MATERIALS AND METHODS
Data are from the PCPT, a randomized, placebo-controlled trial to test whether finasteride reduced the risk of prostate cancer. In this trial, 18,880 men who were 55 years of age or older and had a normal digital rectal exam, a PSA concentration less than 3 ng/mL, no history of prostate cancer, and an IPSS less than 20 were randomized to receive finasteride (5 mg/day) or placebo. Enrollment occurred over 3 years, and each participant was followed for up to 7 years from their date of recruitment (10) .
Data collection
Extensive medical data, including participant-reported physician diagnosis of and medical and surgical treatment for BPH, were collected at baseline and at each subsequent contact. In addition, at recruitment, randomization, and each annual clinic visit, participants completed the IPSS, a 7-item selfadministered questionnaire assessing the frequency of LUTS (incomplete bladder emptying, frequent urination, intermittency, urgency, weak urinary stream, hesitancy, and nocturia) over the past month. The IPSS is a validated and reliable quantitative instrument for measuring male urinary symptoms (11) and is the primary method by which BPH symptoms are assessed in clinical practice (12) . PSA concentrations were measured at baseline and each annual clinic visit. At baseline, data on age, race/ethnicity, physical activity level, and history of smoking were collected using self-administered questionnaires, and height and weight were measured by clinic staff. Body mass index was calculated as weight in kilograms divided by height in meters squared.
Definition of incident symptomatic BPH
Incident symptomatic BPH was defined as the first event of either surgical or medical treatment or sustained, clinically significant BPH symptoms. Surgical treatment included transurethral prostatectomy, balloon dilation, and laser or open prostatectomy. Medical treatments included 5α-reductase inhibitors (finasteride) and uroselective α-blockers (tamsulosin), as well as the use of nonspecific α-blocker therapy (doxazosin, prazosin, or terazosin) if a physician diagnosis of BPH or elevated IPSS measures (a single IPSS >14 or any 2 reports of an IPSS ≥12) were reported preceding medication use. Men who reported use of nonspecific α-blocker therapy without concomitant evidence of BPH and men who reported a physician diagnosis of BPH alone in the absence of treatment or symptoms were not included as BPH events. We defined the onset of clinically significant BPH symptoms as the second report of an IPSS of 15 or greater.
Definition of surrogate and criterion measures of BPH
Baseline values for PSA and IPSS were used to evaluate whether a threshold value within the "normal" range could serve as a surrogate measure of BPH. In these analyses, the cumulative 7-year incidence of BPH, as described above, was used as the criterion for evaluation. The slopes of PSA and IPSS measured at baseline and years 1 and 2 of the trial were also used to evaluate whether high PSA or IPSS velocity could serve as a surrogate measure. In these analyses, the 5-year cumulative incidence of BPH starting at year 2 of the trial was used as the criterion for evaluation.
Study population
Analyses were restricted to the 9,455 placebo-arm participants who had a baseline PSA concentration of 3 ng/dL or lower. Men were excluded if there was evidence of BPH at baseline (history of medical or surgical treatment for BPH (n = 735), an IPSS ≥15 (n = 1,306), or a self-reported history of BPH (n = 1,429)), leaving 5,986 men eligible for this study. Analyses based on baseline PSA concentration and IPSS were conducted in all 5,986 eligible participants. Analyses of PSA velocity were restricted to the 4,717 men with a minimum of 3 consecutive PSA measurements (at baseline and years 1 and 2) and 2 or more additional years of followup. Analyses of IPSS velocity were restricted to the 4,729 men with a minimum of 3 consecutive IPSS measurements (at baseline and years 1 and 2) and 2 or more years of follow-up.
Statistical analyses
Cox proportional hazards models were used to measure the associations of baseline values and rates of increase in continuous and categorical PSA and IPSS with the risk of incident BPH. Linearity for all measures was confirmed by examining the trend in hazard ratios across deciles of each marker. We used time-dependent receiver-operating characteristic (ROC) curves, which take into account the time-dependent nature of incident BPH, to measure the performance characteristics (sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)) of the PSA-and IPSS-based measures as surrogate endpoints of BPH. Because the length of observation for incident BPH may be censored or subject 742 Schenk et al. to the competing risk of a prostate cancer diagnosis (we had no information from participants after cancer was diagnosed), we used methods for estimating time-dependent ROC curves that accounted for competing risks. In this setting, the sensitivity of a marker is a function of the time t from the measurement of the marker to the time of diagnosis; it is defined as the probability that the marker will be positive if that diagnosis occurs within time t of the marker measurement. Conversely, specificity at time t is defined as the probability that the marker will be negative if neither the event of interest nor the competing event has occurred by time t. Similarly, the PPV is defined as the probability that the event of interest will occur by time t if the marker is positive, and the NPV is the probability that neither the event of interest nor the competing event will occur by time t if the marker is negative. Estimation of the time-dependent ROC curves and PPVs/NPVs was conducted using the algorithm of Zheng et al. (13) based on a cause-specific (14) proportional hazards model for the risks of BPH and prostate cancer. A nonparametric method was used for models (baseline IPSS and IPSS velocity in the total sample and IPSS velocity among men with baseline IPSS <8) that did not meet the proportional hazards assumptions (13) . Confidence intervals for the areas under the ROC curve (AUC) were derived based on 1,000 bootstrap replications. For analyses based on baseline PSA and IPSS, follow-up was started at baseline, and for rates of increase in PSA and IPSS, follow-up was started at year 2. Analyses were conducted in the full study sample and additionally stratified by age (<65 years vs. ≥65 years) and by baseline IPSS (0-7 vs. 8-13) to consider whether the performance of surrogate endpoints differed by whether the men had already developed moderate LUTS. Analyses of PSA velocity were also stratified by baseline PSA (<1.0, 1.0-1.9, ≥2.0). There are no set cut points for the sensitivity and specificity of proposed markers that would make it a useful surrogate measure for BPH; however, our judgment would be a conservative minimum of 80% sensitivity and 90% specificity. Table 1 shows baseline demographic and health-related characteristics of the study sample. Participants were mostly white, overweight or obese, inactive, and nonsmokers. The mean age was 62.5 years. Mean PSA concentration (1.2 ng/ mL; standard deviation, 0.7) was low, and only 14% of participants had values greater than 2.0 ng/mL. The mean PSA velocity was 0.13 ng/mL/year, and only 16% had increases greater than 0.25 ng/mL/year. Mean IPSS was moderately low (4.8; standard deviation, 2.9), and only 17% had values consistent with moderate symptoms (IPSS ≥8); mean IPSS velocity was 0.77 units/year, and 26.0% had an IPSS velocity greater than 1.5 units/year. Table 2 shows the raw and covariate-adjusted associations of baseline PSA, baseline IPSS, and their velocities with BPH risk. Both baseline PSA concentration and IPSS were strongly and significantly associated with increased risk of BPH; each 1-ng/mL increase in baseline PSA was associated with a 34% (P < 0.0001) increase in risk, and each 1-unit increase in IPSS was associated with a 35% (P < 0.0001) increase in risk. The rate of increase in IPSS between baseline and year 2 (IPSS velocity) was also associated with an increase in BPH risk; each 1-unit increase in slope was associated with a 29% increase in risk (95% confidence interval (CI): 26, 32; P < 0.0001). Only increases of 0.25 ng/ mL/year or more in PSA velocity were associated with an increase in risk, and the association of continuous PSA velocity with BPH risk did not reach statistical significance (P = 0.06).
RESULTS
The ROC curves for PSA and PSA velocity in the full population are given in Figure 1 . The AUCs that resulted from using baseline PSA to predict the 7-year incidence of BPH and from using PSA velocity to predict the 5-year incidence of BPH were 0.58 (95% CI: 0.56, 0.60) and 0.51 (95% CI: 0.50, 0.52), respectively ( Figure 1 ). The sensitivities and specificities at selected cut points are shown in Table 3 . There were no cut point values for either baseline PSA or PSA velocity for which both sensitivity and specificity were sufficiently high to consider these measures as surrogates for incident BPH. For example, at 80% sensitivity for baseline PSA (cut point of 0.60 ng/mL), specificity was 22%, and at 80% sensitivity for PSA velocity (cut point of −0.046 ng/mL/year), specificity was 20%. AUCs for PSA and PSA velocity stratified by baseline IPSS and age did not differ by more than 0.02, and AUCs for PSA velocity stratified by PSA at baseline did not differ by more than 0.01. The PPVs for baseline PSA and PSA velocity were generally low (<25% for all cut points), whereas the NPVs for both baseline PSA and PSA velocity were all above 75% (Table 3) .
The time-dependent ROC curves created when using baseline IPSS and IPSS velocity to predict incident BPH in the full population (baseline IPSS <14) are shown in Figure 1 . The AUCs created by using baseline IPSS to predict the 7-year incidence of BPH and IPSS velocity to predict the 5-year incidence of BPH were 0.77 (95% CI: 0.76, 0.79) and 0.68 (95% CI: 0.65, 0.70), respectively. Table 3 shows the sensitivities and specificities at selected cut points. Although the AUCs are higher than those for PSA, there were no cut point values for either baseline IPSS or IPSS velocity that yielded sufficiently high sensitivities and specificities to consider these measures as surrogates for BPH. For example, at 80% sensitivity for baseline IPSS (cut point of 4.5), specificity was 55%, and at 80% sensitivity for IPSS velocity (cut point of −0.2/year), specificity was 33%. Results for IPSS and IPSS velocity did not differ by age. The PPVs for baseline IPSS varied by cut point, with cut points of 9 or higher yielding PPVs over 50%. The PPVs for IPSS velocity were generally low (<50% for all cut points). At all cut points, the NPVs for both baseline IPSS and IPSS velocity were greater than 75% (Table 3) .
There was some evidence that the AUCs for both baseline IPSS and IPSS velocity were higher among men who had minimal LUTS at baseline than among men with moderate LUTS (Figure 2 ). For baseline IPSS, men with minimal and moderate baseline symptoms had AUCs of 0.70 (95% CI: 0.67, 0.72) and 0.62 (95% CI: 0.59, 0.66), respectively, and for IPSS velocity, the AUCs were 0.71 (95% CI: 0.68, 0.74) and 0.68 (95% CI: 0.64, 0.72), respectively. Table 4 gives the sensitivities and specificities for selected cut points of baseline IPSS and IPSS velocity in men stratified by baseline symptoms. Even though the AUCs for men with a baseline IPSS of 7 or lower were higher than those for men with a baseline IPSS greater than 7, there were still no cut points with sufficiently high sensitivities and specificities to make these measures useful as surrogates for incident BPH. For example, in the subgroup of men with few or no symptoms at baseline, at 80% sensitivity for baseline IPSS (cut point of 3.5), specificity was 46%, and at 80% sensitivity for IPSS velocity (cut point of 0.1/year), specificity was 44%.
DISCUSSION
In the present large study of participants in the placeboarm of the PCPT, there was little evidence to support the use of PSA, IPSS, or their rates of increase over 2 years as surrogate measures of incident BPH. Although each of these measures was associated with a significantly increased risk of BPH, the AUCs created when they were used to predict incident symptomatic BPH were at best modest. There were no cut points for any marker for which sensitivity or specificity was sufficiently high to make these measures useful as surrogates for either 7-year (for PSA and IPSS) or 5-year (for PSA and IPSS velocities) incidence of BPH. With the exception of baseline IPSS, which was modest only at high cut points, PPVs for all other measures were low at all cut points.
Several previously published epidemiologic studies have used PSA and IPSS measures as surrogate BPH measures. For PSA, one set of studies used a PSA level greater than 1.4 ng/mL as a surrogate BPH measure (15) (16) (17) ; however, based on our data, this cut point yields a sensitivity of only 41% and a specificity of 71%. For PSA and IPSS velocities, cut points at the 80th percentile have been used as surrogate BPH measures (18) , which in our sample corresponded to slopes of 0.19 ng/mL/year and 1.95 units/year, respectively. The sensitivities and specificities for these values were 21% and 80% for PSA velocity and 37% and 87% for IPSS c Restricted to men with a minimum of 3 consecutive PSA measurements between baseline and year 2 and a minimum of 2 years follow-up. d Restricted to men with a minimum of 2 IPSS measurements between baseline and year 2 and a minimum of 2 years follow-up.
velocity, respectively. Another measure that has been used in the literature is an IPSS greater than 7 (15, 16, (19) (20) (21) (22) (23) (24) . Using our data, this cut point yielded a sensitivity of 56% and a specificity of 82%. One possible outcome of the poor performance of these measures is inconsistent findings, in which some but not other measures of the surrogate were associated with BPH risk (15, 16) .
The definition of incident symptomatic BPH used in the present study deserves comment. We used a definition that was developed by consensus among experts, including research urologists, epidemiologists, and statisticians, and has been used in a series of previously published epidemiologic articles (25) (26) (27) (28) (29) (30) (31) (32) (33) . This definition uses multiple criteria to define BPH that capture both medical and surgical treatments, as well as clinically significant LUTS. It is relatively conservative, as it requires men to have repeated IPSS of 15 or above to be considered as having BPH, and it specifically excludes men who reported a physician diagnosis of BPH in the absence of symptoms or treatment. Furthermore, diagnoses based on medication use were specific to BPH, as men who reported nonspecific α-blockers without concomitant evidence of BPH by either self-report of physician diagnosis or symptoms (one report of an IPSS ≥15 or any 2 reports of an IPSS ≥12 at any time before the report of medication use) were not considered to have BPH. It is unknown whether quantitative measures of BPH, such as prostate size or urinary flow rate, would affect this definition; however, these clinical measures are rarely available in large epidemiologic studies, and their relevance to a clinically defined endpoint based on symptom severity is uncertain. Abbreviations: BPH, benign prostatic hyperplasia; CI, confidence interval; IPSS, International Prostate Symptom Score; PSA, prostate-specific antigen.
a Adjusted for age (linear), race (white, black, and other), and body mass index (linear). b Restricted to men with a minimum of 3 consecutive PSA measurements between baseline and year 2 and a minimum of 2 years of follow-up.
c Restricted to men with a minimum of 2 IPSS measurements between baseline and year 2 and a minimum of 2 years of follow-up.
There are several strengths to the present study. Data are from a large 7-year clinical trial; therefore, annual assessments of LUTS and serum PSA concentrations are available from a large number of men. Furthermore, because the PCPT was focused on prostate health, there were careful assessments of treatment and medication use related to prostate disease. The PCPT also enrolled men with a wide range of symptomatology (baseline IPSS <20); therefore, we were able to look at different populations (based on baseline IPSS scores) relevant to a variety of potential hypotheses related to BPH risk and prevention.
We also recognize several limitations to this study that should be considered when interpreting its results. First, our definition of BPH by LUTS is not specific and cannot distinguish between LUTS due to BPH and LUTS due to other urological, neurological, or bladder conditions (34) . However, Figure 1 . Receiver-operating characteristic curves created when using prostate-specific antigen (PSA) concentration (ng/mL) and International Prostate Symptom Score (IPSS) to predict incident symptomatic benign prostatic hyperplasia (BPH) in the Prostate Cancer Prevention Trial placebo arm, 1993-2003. Men with a PSA level of 4 ng/mL or higher were excluded from participation in the Prostate Cancer Prevention Trial. A) Baseline PSA used to predict the 7-year incidence of BPH (area under the receiver-operating characteristic curve (AUC) = 0.58, 95% confidence interval (CI): 0.56, 0.60). B) PSA velocity used to predict the 5-year incidence of BPH (AUC = 0.51, 95% CI: 0.50, 0.52). Data were limited to men for whom we had complete data (measurements at the baseline, year 1, and year 2 visits). C) Baseline IPSS used to predict the 7-year incidence of BPH (AUC = 0.77, 95% CI: 0.76, 0.79). D) IPSS velocity used to predict the 5-year incidence of BPH (AUC = 0.68, 95% CI: 0.65, 0.70). Data were limited to men for whom we had complete data (measurements at the baseline, year 1, and year 2 visits).
the presence of other conditions associated with LUTS does not substantially affect these results, as the prevalence of these conditions in the PCPT study population is estimated to be only 6.5% (based on the age-specific prevalence of these Data were limited to men for whom we had complete data (measurements at the baseline, year 1, and year 2 visits). C) Using data from men with a baseline IPSS of 8-13, we used baseline IPSS to predict the 7-year incidence of BPH (AUC = 0.62, 95% CI: 0.59, 0.66). D) Using data from men with a baseline IPSS of 8-13, we used IPSS velocity to predict the 5-year incidence of BPH (AUC = 0.68, 95% CI: 0.64, 0.72). Data were limited to men for whom we had complete data (measurements at the baseline, year 1, and year 2 visits).
nuanced. Fifth, analyses of PSA and IPSS velocities were based on changes in these measures over 2 years, and any BPH cases that occurred before year 2 were excluded. This would not affect specificity but could reduce sensitivity; however, it is unlikely to sufficiently increase the AUC to modify this study's conclusions. Lastly, the PCPT was limited to 7 years of followup for baseline measures and 5 years of follow-up for velocities, and longer follow-up may modify these results.
In conclusion, we found that modest elevations in PSA, IPSS, and their rates of change over 2 years were not useful surrogates for incident BPH. With the exception of PSA velocity, all measures strongly predicted BPH risk and had AUCs significantly greater than 0.5. Nevertheless, the AUCs were not high enough to make any cut points sufficiently sensitive and specific to consider their use as surrogate measures. Observational epidemiologic studies and primary prevention 
